Introduction
UV curing systems are currently utilized in various industrial fields such as coatings, printing inks, adhesives, photoresist, and UV imprint lithography [1] [2] .
Especially, UV imprint lithography is a cost-effective high-resolution patterning technology and mainly uses multifunctional (meth)acrylates for UV curing formulations [3] [4] [5] . In UV imprint lithography, however, the photopolymerization process has not been studied up to now. Since the cured materials have a network structure and they are insoluble in solvents and infusible, it is not easy to elucidate the kinetics of photopolymerization under UV imprint conditions.
Recently, photo-curing systems which show reworkable property have been studied and applied to UV imprint lithography [6] [7] [8] [9] [10] . In these systems, UV cured materials were obtained by the photopolymerization of multifunctional monomers which have both polymerizable units and degradable units in a monomer molecule.
The cured materials were degraded under a given condition to yield linear polymers soluble in organic solvents.
In this communication, we have synthesized thermally degradable difunctional methacrylates and used to study the kinetic chain length of the UV curing under UV imprint conditions. Elucidation of the kinetic chain length is very important because it affects the physical property of the cured resin. The concept of the present system is shown in Figure 1 .
The effect of light intensity, initiator concentration, and applied pressure on photopolymerization under the UV imprint conditions has been investigated.
Experimental
1 H NMR spectra were measured using a JEOL LA-400 spectrophotometer. FT-IR measurements were carried out using a JASCO FT/IR-4200. Conversion of C=C bond of ADMA was determined by the peak intensity at 1636 cm -1 using FT-IR spectroscopy.
Size exclusion chromatography (SEC) was performed by use of a SEC TSKgel GMH HR -N and TSKgel GMH HR -H. Molecular weights of the polymers were calibrated for polystyrene standards.
Difunctional methacrylate monomer ADMA was prepared as described previously [10] . A sample for the UV curing was a mixture of ADMA, photoradical initiator DMPA, and photoacid generator DITF (Figure 2 ). The UV curing process was performed using Maruni MNI-1000HC and consisted of four steps: 1) dropping the sample solution on Si plate, 2) placing the quartz plate and pressing the resin, 3) irradiating at 365 nm through quartz plate to cure the resin, and 4) releasing the quartz plate to obtain the UV cured films of ADMA.
The insoluble fraction was determined by comparing the film thickness before and after dissolution in methanol. Methylation of poly(methacrylic acid) was performed as follows: the UV cured samples on silicon wafer were irradiated at 254 nm and baked at 100 o C for 10 min and the samples were dissolved in methanol. After removal of the methanol, the residue (0.1 g) was suspended in 6 mL of a mixed solvent of benzene/ethyl ether (5/1, v/v). Diazomethane which was generated from p-toluenesulfonyl-N-m-ethyl-N-nitrosoamide and ethanol under alkaline condition was introduced into the suspended solution for 2 h using N 2 gas as a carrier. The reaction mixture was poured into excessive methanol to precipitate the methylated polymer (poly(methyl methacrylate)). To prepare the sample solution for SEC analysis, the methylated polymers were dissolved in THF and filtered with a membrane filter (pore size: 0.5 μm). A small amount of insoluble fraction was separated by the filtration. It was confirmed by a separate experiment that methylation using diazomethane did not induce the degradation of the poly(methacrylic acid).
Results and Discussion
When ADMA containing DMPA and DITF was irradiated at room temperature using 365-nm light under reduced pressure, efficient curing was observed.
DMPA was used as photoradical initiator which can generate radical species on irradiation at 365 nm. DITF is unreactive to 365-nm light because DITF has no absorption peak at 365 nm. Figure 3 shows insoluble fraction and conversion of the ADMA containing DMPA and DITF on irradiation.
Insoluble fraction and conversion of methacrylate units increased with irradiation dose and reached a constant value at high irradiation dose.
The complete insolubilization was observed at the exposure dose of 50 mJ/cm 2 . The conversion of methacrylate moiety of ADMA was 78 % at the exposure dose of 200 mJ/cm 2 . UV cured films of ADMA containing 1wt% DITF were prepared on a silicon plate. The cured films were irradiated at 254 nm with 200 mJ/cm 2 and followed by baking at given temperatures for 10 min.
On irradiation at 254 nm, DITF decomposed to generate triflic acid. The acid catalyzed decomposition reaction of hemiacetal ester linkages to generate poly(methacrylic acid) together with acetaldehyde and alcohol derivatives (Scheme 1). Here, water can be supplied from the atmospheric moisture if the UV cured film was thin. Cleavage of the hemiacetal ester units was confirmed by the FT-IR spectroscopy. The peak at 1134 cm -1 due to -O-C-O-bonds disappeared when exposed to 254-nm light. The decomposed films became soluble in methanol. Figure 4 shows the dissolution of the cured films and the decomposed fraction of hemiacetal ester moieties of the films when baked at various temperatures after irradiation at 254 nm. UV cured ADMA film was thermally stable up to 156 o C in the absence of strong acid. However, about 50 % of the cured ADMA film became soluble after irradiation at 254 nm at room temperature. Complete dissolution of the cured films was accomplished after baking at 40 o C. No dissolution was observed without irradiation at 254 nm.
To clarify the effect of factors such as concentration of initiator, applied pressure, and light intensity on kinetic chain length of the curing system, the molecular weights of the methylated poly(methacrylic acid) was analyzed by SEC. Figure 5 shows SEC traces of the methylated polymers obtained from ADMA cured films with different intensities of irradiation light. Both samples were cured with a dose of 600 mJ/cm 2 , but the light intensity was different. The chain length for the cured resins obtained by high intensity of light (5.5 mW/cm 2 ) was lower, compared with the resins cured with low intensities of light (0.5 -2.0 mW/cm 2 ). The effect of several parameters on the kinetic chain length of the UV cured films is summarized in Table 1 . In Table 1 , we mainly discussed the fractions of the polymers whose molecular weights were higher than 3000. The increase in the concentration of the photoradical initiator DMPA induced the decrease of Mn value, except for high concentration (2.5 wt%). This is the common phenomenon as that observed for the effect of light intensity on kinetic chain length of UV curing of resins. The effect of applied pressure on the kinetic chain length for the curing of ADMA was studied. Although the conversion was almost the same (74 -75 %,. the kinetic chain length decreased with increasing applied pressure. This means that the kinetic chain length becomes shorter at higher applied pressure because of the restricted diffusion of ADMA. Figure 6 shows SEC traces of the methylated polymers obtained from ADMA cured films with different concentration of DMPA. With high concentration (2.5 wt%), the cured resin consisted of both higher molecular weight polymer (retention time: ~17 min) and lower molecular weight polymer (retention time: ~22 min). This is the reason for the inconsistency of the effect of concentration of DMPA (2.5 wt%) on the Mn value shown in Table  1 .
Conclusion
We prepared a difunctional methacrylate monomer bearing hemiacetal ester moiety in a molecule. The monomer was used to study the kinetic chain length for the UV curing under the imprint conditions. The UV cured resins containing a photoacid generator were exposed to 254-nm light and baked at 100 o C to degrade the cured resins.
The degraded products, that is poly (methacrylic acid), were methylated with diazomethane for SEC measurements. The kinetic chain length of the UV cured resins was affected by the light intensity, initiator concentration, and applied pressure. 
